Sulfur cathodes in conversion reaction batteries offer high gravimetric capacity but suffer from parasitic polysulfide shuttling. We demonstrate here that transition metal chalcogels of approximate formula MoS 3.4 achieve high gravimetric capacity close to 600 mAh g −1 (close to 1000 mAh g −1 on a sulfur-basis), as electrode materials for lithium-ion batteries. Transition metal chalcogels are amorphous, and comprise polysulfide chains connected by inorganic linkers. The linkers appear to act as a "glue" in the electrode to prevent polysulfide shuttling. The Mo chalcogels function as electrodes in carbonate-as well as ether-based electrolytes, which further provides evidence for polysulfide solubility not being a limiting issue. We employ X-ray spectroscopy and operando pair distribution function techniques to elucidate the structural evolution of the electrode. Raman and X-ray photoelectron spectroscopy track the chemical moieties that arise during the anion-redox-driven processes. We find the redox state of Mo remains unchanged across the electrochemical cycling and correspondingly, the redox
the volume changes upon cycling, 7 and the polysulfide shuttle involving diffusion of Li n S x through the bulk electrolyte. [8] [9] [10] [11] [12] [13] We have studied the use of amorphous transition metal polysulfides (chalcogels) as the active material in an electrode to overcome the poor kinetics of lithium diffusion and to prevent polysulfide shuttling experienced in Li-S batteries. Transition metal nitrides, oxides, fluorides, phosphides, and sulfides have been investigated as alternatives to S electrodes. 2 More specifically, transition metal sulfide (Cr, 14 Mn, 15 Fe, 16 Ni, 17 Cu 18 ) and disulfide (Fe, 19 Co, 20 Ni, 21 Mo, 22 , and W 23 ) systems have been studied due their high theoretical gravimetric capacity, which have been demonstrated to achieve between 900 mAh g −1
and 1300 mAh g −1 upon the first discharge. 24 More recently, transition metal tri-and tetrasulfide materials have been studied for their more complex chemistries as electrodes in conversion reactions involving both redox-active cationic and anionic species. [25] [26] [27] For example, upon lithiation of VS 4 , the vanadium species is oxidized from V +4 (VS 4 ) to V +5 (Li 3 VS 4 ) then to a mixture of both valences (Li 3+x VS 4 ) before reduction to V 0 (Li 2 S + V). 27 This was concomitant with a reduction of the sulfur species from S 2− 2 to S 2− . Despite initial high gravimetric capacities, retention remains a challenge with transitional metal sulfide electrodes. Transition metal sulfide electrodes have cation-driven redox in which the oxidation states change upon discharge and charge. 28 In the case of transition metal chalcogels, redox is anion-driven. We demonstrate here, for the first time, that sulfur in the polysulfide chains is reduced upon discharge and oxidized upon charge while Mo maintains a +4 oxidation state.
The implementation of transition metal linkers allows for the use of carbonate-based electrolytes, which is not compatible with traditional Li-S batteries. The Li-S system requires ether-based electrolytes, which enable cycling, but also cause polysulfide shuttling.
Previous studies on pyrites 29 and M S y (M = Co, Ni, Cu) 30 have demonstrated low solubilities of transition metal sulfides in carbonate-based electrolytes. Linking the polysulfide chains with inorganic linkers such as those in chalcogels provides a strategy for stabilizing the electrode material structurally while suppressing the dissolution of lithium polysulfides.
The morphology and size dimension of the electrode material have been heavily studied to take advantage of increased surface areas for lithium diffusion in materials that operate via intercalation. 31, 32 For molybdenum sulfide-based materials, nanotubes, 33 nanobowls, 34 nanosheets, 35 nanowires, 36 and nanoflakes, 37, 38 and hollow morphologies 39 have been studied to increase electrode/electrolyte interaction, shorten the diffusion distance of Li ions, and decrease the volume changes. Often, there is a spectacular morphology evolution between the as-prepared electrode and the discharged products. 45 and hydrogen evolution. 46, 47 Here, we demonstrate that porous, amorphous network of molybdenum polysulfide chalcogels perform well as high-capacity, anion-redox driven Li-ion cathode materials. We use a combination of X-ray spectroscopy and scattering techniques to elucidate structural evolution of the electrode and understand the stability of the cathode in both carbonate-based and ether-based electrolytes. X-ray diffraction (XRD) was performed in reflection mode using a PANalytical
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Empyrean with a Cu Kα source. Transmission electron microscopy (TEM) was performed using a FEI T20 with a 200 kV operating voltage. Powders were sonicated in ethanol and dropcast onto a 300-mesh carbon-coated copper grid. Raman spectroscopy was performed using a Horiba Jobin-Yvon Lab ARAMIS instrument at 3.91 mW with a 633 nm laser equipped with a 50x objective lens. The powder samples were measured using a 400 µm aperture, 250 µm slit, and 1200 gratings per mm, with exposure time of 2 s, averaged 10
times. X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis Ultra with a monochromatic Al Kα source at 14.87 keV. Photoelectrons at 20 eV and 80 eV pass energy were detected with a multichannel detector. The spectra were fit by least-squares method to Voigt functions with Shirley baselines using CasaXPS. A MicroMeritics Accu- Ex-situ X-ray absorption fine structure spectroscopy was performed at the Advanced Operando high-energy X-ray scattering data suitable for pair distribution function analysis have been collected at the PDF-dedicated beamline 11-ID-B at the Advanced Photon Source at Argonne National Laboratory. Rapid-acquisition total X-ray scattering measurements have been carried out using a Perkin-Elmer amorphous Si-based area detector at the X-ray wavelength of 0.2112Å (≈ 58 keV). The AMPIX cells 51 powder was used to calibrate experimental geometry of the measurements. Background contributions were collected using fully assembled AMPIX cell sans the MoS x electrode.
The 2D data were integrated using Fit2D. 52 Pair distribution functions (PDFs), G(r), were calculated from the sine Fourier transform of the product q(S(q) − 1) in which S(q) is the structure factor. PDFs were generated with a q max = 20Å −1 using PDFgetX3.
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Results and discussion
Structural Characterization. The synthesis of MoS x involves the oxidative coupling of the (NH 4 ) 2 MoS 4 precursor with iodine. 44 The local structure consists of a Müller-type clus- Table S1 .
The gravimetric capacity upon the first discharge is 578 mAh g −1 based on the molar mass of MoS 4 ( Figure 4a ). This corresponds to a molar equivalence of 4.9 Li (Li:S = 1.44). The GCPL under constant current at a C-rate of C/40 exhibits sloping plateaus at 1.8 V upon discharge and 2.2 V upon charge in agreement with the single oxidation and reduction peaks observed in CV. The single plateau and absence of overcharging suggest that generation of dissolved lithium polysulfides (Li n S x ) has been avoided. 63 Coulombic efficiency is maintained at >95% for 20 cycles. At faster C-rates of C/20 and C/10, the initial discharge capacity is decreased to 541.9 mAh g −1 and 460.7 mAh g −1 (Figure 4b ).
By the 2 nd cycle, the difference between the gravimetric capacities cycled at C/20 and C/10 are negligible. For C/40, the capacity retention is maintained at 83% upon the 10 th cycle and 60% upon the 30 th cycle, which is comparable to traditional Li-S batteries. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 faster C-rates of C/20 and C/10, the capacity retention diverges after the 5 th cycle. At C/20, 63% of the capacity is retained upon the 20 th discharge. At C/10, the capacity drops more precipitously to 53% upon the 20 th discharge. 
The calculated values are F j (k), the effective scattering amplitude, φ j (k), the effective scattering phase shift, λ(k), the mean free path. The parameters used for fitting the Mo 3 S 13 clusters were the Debye-Waller factor, σ 2 , the en- Figure 6 . The prominent peak at r = 1.9Å in Figure 6 is attributed to interactions with first and second-nearest S neighbors. The amorphous structure of the chalcogels is portrayed in the damped signal beyond 3Å. The k 2 -weighted χ(k) signal for the as-prepared sample is overlaid on the discharged and charged species in Figure 6 . The overall amplitude reduction factor for Mo was fixed at 0.75. All the Mo-S correlations were treated equally, and the fitted parameters are summarized in Table 1 .
Local Structure Evolution. Collecting operando PDFs allows for tracking the evolution of the local structure for materials that lack long-range ordering, which is particularly useful for chalcogels. 48, [72] [73] [74] [75] [76] [77] Here, PDFs of the MoS x electrode cycled at constant current of 0.61 (9) mA g −1 (≈ C/16) (Figure 8a ) capture the Mo-S bonds centered at 2.45Å in Figure 8b , which is unchanged upon discharge to 600.5 mAh g We investigated the stability of the electrode in a smaller potential range, from 1.7
V to 3.0 V at 0.55 mA g −1 (≈ C/18) to understand the large decrease in gravimetric capacity after the first discharge. We observed a 20% loss in capacity retention upon the second discharge when the MoS x electrode was cycled between 1.0 V and 3.5 V. The
Coulombic efficiency of the first cycle was 74.8% with a 22.8% capacity loss from the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 trolytes are in contrast to the carbonate-based electrolytes. We speculate that the chalcogel undergoes a heterogeneous reaction with carbonate species resulting in organosulfur intermediates which are incompatible with carbonate-based electrolytes. Gao et al. performed in-situ XAFS to elucidate the polysulfide intermediates of a Li-S cell in ether-based (tetraethylene glycol dimethyl ether (TEGDME) and DOL/DME) and carbonate-based (propylene carbonate/EC/diethyl carbonate (PC/EC/DEC)) electrolytes. 80 
Conclusion
We have demonstrated the use of MoS x chalcogels as electrodes for high-capacity, anion- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 tention is high at 83% upon the 10 th cycle and 60% upon the 20 th cycle. These chalcogel electrodes are stable in both carbonate-and ether-based electrolytes, which allows for a larger parameter space for cell optimization. Operando PDFs demonstrate the transformations of the S-S bonds in the local structure model upon cycling. The local structure evolution reveals the Mo-S bonds remain intact in the carbonate-based electrolytes and prevent the polysulfide shuttle. We observe from ex-situ XPS and EXAFS in addition to PDF that the Mo linkers are redox-inactive. Instead, the electrochemistry is anion-driven. To increase gravimetric capacity, we propose similar chemistry can be applied to 3d transition metals when used as inorganic linkers in chalcogels.
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